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The proliferation of Fourth Generation (4G) mobile wireless networks has led to an 
increased demand for position-based services. In many densely populated environments, 
there is an abundance of base stations by which a mobile station may be passively 
geographically located (geolocated) using various techniques that require multiple base 
stations. Areas in which base station density is sparse may not possess the requisite 
number of base stations to perform such techniques and, therefore, require different 
methods by which to geolocate mobile stations. In this thesis, we present a passive 
geolocation scheme that only requires observation of the initial ranging information 
exchange between a mobile station and a single base station in order to determine a 
position estimate for the mobile station. The scheme is specifically applied to the Institute 
of Electrical and Electronics Engineers (IEEE) 802.16 Worldwide Interoperability for 
Microwave Access (WiMAX) 4G standard. The method is validated through computer 
simulation and field experimentation in an Alcatel-Lucent IEEE 802.16e-2005 deployed 
network. The mean geolocation error resulting from simulation and experimentation was 
85 meters, which is a degradation of 58 meters compared to a three-base station scenario.  
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The proliferation of Fourth Generation (4G) mobile wireless networks and mobile 
devices has led to the rapid development of numerous mobile device applications. Many 
of these new applications incorporate the mobile device location into their functionality, 
thereby increasing the demand for accurate mobile device position estimation or 
geographic location (geolocation). Additionally, the shift toward mobile devices as the 
primary means of household voice communication places even more emphasis on mobile 
device geolocation in order to comply with government regulations for emergency 
response such as E911.   
In many densely populated environments, there is an abundance of base stations 
by which a mobile station may be passively geographically located. To achieve accurate 
mobile station geolocation, various techniques are used that require multiple base 
stations; however, areas in which base station density is sparse may not possess the 
requisite number of base stations to perform multi-base station techniques and, therefore, 
require the development of novel methods by which to geolocate mobile stations.  
The high data rates achieved in 4G mobile wireless technology require precise 
and efficient sharing of available temporal and spectral resources. Each base station 
within a network is responsible for coordinating the transmission timing of each mobile 
station to which it provides service; thus, all mobile stations communicating with the base 
station must be synchronized to the base station timing. This is accomplished when any 
mobile station enters the network through an initial ranging process which consists of a 
series of messages exchanged between the base station and mobile station. The timing 
information included in the messages transmitted during initial ranging can be used to 
determine the distance between the base station and mobile station.  
This thesis aims to address the issue of sparse environment geolocation by 
proposing a method to estimate the distance between a mobile station and an independent 
passive collector located within range of the base station and mobile station. The passive 
collector must capture the initial ranging signals that are passed between the mobile 
 xvi 
station and base station and perform temporal calculations to determine a distance 
between itself and the mobile station. The combination of the distances between the 
mobile station and the base station/passive collector can be used to generate a two-
dimensional position estimate for the mobile station in the military grid reference system.  
The proposed single base station geolocation method was evaluated through a 
three-phase approach consisting of computer simulation and field experimentation. The 
first phase was initial feasibility simulation during which a basic simulation model was 
used to determine whether the proposed method would result in a reasonable error that 
warranted field testing. The second phase was field experimentation, which consisted of 
deploying wireless capture equipment in a 4G Institute of Electrical and Electronics 
Engineers (IEEE) 802.16 Worldwide Interoperability for Microwave Access (WiMAX) 
mobile wireless network to collect the initial ranging signals and applying the sparse 
environment geolocation scheme to determine the mobile station position. The results of 
the field experimentation supplied the input for the third phase, which was simulation 
model refinement. The initial feasibility simulation model was updated based on the 
position estimation error and system performance observed during the field 
experimentation in order to provide more accurate parameter values in Monte Carlo 
simulation runs.  
The initial feasibility simulation resulted in a mean geolocation error of 
111 meters over the course of 1500 trials. This result provided sufficient justification for 
the conduct of field experimentation on an IEEE 802.16e-2005 deployed network in 
Yuma, AZ. The collection equipment used to capture the initial ranging signals was 
Sanjole’s WaveJudge 4900A. The mean geolocation error resulting from 15 independent 
trials was 85.06 meters; however, the distance between the mobile station and 
WaveJudge 4900A never exceeded 125 meters during any trial. Finally, the simulation 
model was updated based on the field experimentation data and yielded a mean 
geolocation error of 82.44 meters over 1500 trials in a 100-square-kilometer cell.  
This thesis provided three significant contributions. First, a sparse environment 
geolocation method was proposed that requires the use of only one base station. Second, 
a proof of concept for the proposed geolocation method was demonstrated on a deployed 
 xvii 
WiMAX network in a close range scenario. Third, a simulation model based on the 
experimental data provided justification for a mean error that is consistent with close 
range experimental results when the method is employed across a realistically sized 
wireless network cell. The model produced an estimated a 58-meter degradation of 
geolocation accuracy when transitioning from three base stations to one base station.   
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The increased proliferation of Fourth Generation (4G) mobile wireless networks 
and mobile devices has led to the rapid development of numerous mobile device 
applications. Many of these new applications incorporate the mobile device location into 
their functionality, thereby increasing the demand for accurate mobile device position 
estimation, or geographic location (geolocation). Additionally, the trending shift toward 
mobile devices as the primary means of household voice communication places even 
more emphasis on mobile device geolocation in order to comply with government 
regulations for emergency response, such as E911.   
In many densely populated environments, there is an abundance of base stations 
by which a mobile station may be passively geographically located using various 
techniques which require multiple base stations; however, areas in which base station 
density is sparse may not possess the requisite number of base stations to perform multi-
base station techniques and, therefore, require the development of different methods by 
which to geolocate mobile stations.  
A. THESIS OBJECTIVE 
This thesis aims to develop a time-of-arrival based method for the passive 
geolocation of a mobile station using observed initial ranging information exchanged 
between the mobile station and a single base station. Specifically, we intend to 
demonstrate a proof-of-concept through computer simulation and field experimentation 
on a deployed 4G Institute of Electrical and Electronics Engineers (IEEE) 802.16 
Worldwide Interoperability for Microwave Access (WiMAX) mobile wireless network.   
B. RELATED WORK 
Mobile device position estimation techniques have been widely researched during 
the rise of mobile networks over the past 15 years. A survey of different techniques 
included Received Signal Strength (RSS), Time-of-Arrival (TOA), Time Difference-of-
Arrival, and Angle-of-Arrival (AoA) was presented by Gustafsson and Gunnarsson [1]. 
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Barber [2] and Whitty [3] both examined WiMAX geolocation methods in terms of TOA 
using timing adjust data extracted from the initial ranging exchange during network 
entry; however, their efforts focused on accuracy improvement rather than deriving a 
position estimate using a minimal number of base stations. Dijk et al. [4]. proposed a 
single base station method using ultrasound time-of-flight measurements to perform 
trilateration. The proposed system used an array of three independent transducers to 
perform the measurements that were housed within a single base station; thus, more than 
one collection device was required to execute their proposed method. This proposed work 
aims to develop a geolocation method that requires only one base station to communicate 
with the mobile station. 
A method which employed a single collection device was proposed by Hatthasin 
et al. [5]. The work sought to combine propagation time with the unique RSS profiles 
created in an indoor environment to accurately locate a radio frequency identification tag. 
This method was primarily adapted for indoor use and requires a priori environmental 
knowledge to accurately model the RSS profiles in different areas. The CELLO 
Consortium project report also contains a number of potential single base station 
geolocation techniques [6]. They consider the combination of AoA and round-trip time in 
which a base station equipped with an antenna array may determine the direction and 
distance to the mobile station. They also discuss the fingerprinting method in which the 
signal information received from a mobile station is compared to a known signal 
characteristics for a given location stored in a database. The former method is limited by 
the beamwidth of the antenna array, and the second relies on detailed a priori information 
about the physical environment surrounding the base station. The work reported in this 
thesis seeks to explore a geolocation method that requires minimal a priori information 
about the network environment and is contingent only on TOA calculations.  
Finally, U.S. Patent 7,974,633 [7] introduces a generic method for single base station 
geolocation that relies solely on TOA measurements between a base station and mobile 
station. The TOA measurements are collected by a sensor that produces a position estimate 
relative to the position of the sensor; however, the patent does not make any attempt to apply 
the generic method to a specific mobile communication system, and there is no reference 
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within the patent to any form of 4G mobile wireless technology. Conversely, this work is 
focused on adapting a similar method for use on an IEEE 802.16 based network to generate a 
position estimate that is not dependent on the location of the sensor. 
C. ORGANIZATION 
The aspects of IEEE 802.16 systems and geolocation techniques which are 
pertinent to the discussion in subsequent chapters are outlined in Chapter II. The topics 
covered include the WiMAX frame structure, the initial ranging process, timing adjust 
calculations, and a discussion of time-of-arrival based geolocation.  
The problem of geolocation using a single base station is introduced in Chapter 
III, and a generic solution is developed. Next, the required a priori knowledge and 
algorithmic inputs are described. Finally, the geolocation algorithm is systematically 
described through a series of equations, which results in a position estimate.  
The validation methodology for the geolocation solution developed in Chapter III 
is discussed in Chapter IV. It begins with an initial computer simulation framework, 
progresses into field experimentation, and concludes with simulation refinement. The 
results of the experimental testing and simulations are included. 
Additional information from the IEEE 802.16 standard is contained in Appendix 
A, the MATLAB code developed for the simulations is listed in Appendix B, and pictures 
from the field experimentation are included in Appendix C.  
 4 
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II. WIMAX FUNDMANETALS 
Modern 4G mobile wireless communication networks rely on orthogonal 
frequency-division multiplexing (OFDM) in order to achieve high data rates. The 
implementation of OFDM as a multiple access scheme in order to service large numbers 
of users has resulted in a requirement for high precision timing within the mobile 
network. This timing information, necessary to effectively administer the network, is also 
useful for high fidelity geolocation of a user. The following sections provide a brief 
discussion of the orthogonal frequency-division multiple access (OFDMA) frame 
structure, WiMAX ranging process, and time-of-arrival based geolocation in preparation 
for the development of a single base station geolocation method in Chapter III.  
A. TIME DIVISION DUPLEX FRAME STRUCTURE 
The WiMAX standard offers two options for bi-directional communication 
between a base station and a mobile station. The first is time-division duplex (TDD) in 
which the base station and mobile station both use the same carrier frequency for 
transmission, and second is frequency-division duplex (FDD) in which the base station 
and mobile station use separate transmission frequencies. The most common duplexing 
scheme in use is TDD; thus, it will be the focus of this thesis.  
The OFDMA frame in a TDD implementation is divided into two sub-frames. 
The first sub-frame is the downlink, which is composed of transmissions from the base 
station including the frame preamble, downlink and uplink maps, and all downlink bursts. 
The second sub-frame is the uplink, which is a combination of all mobile station 
transmissions including the ranging allocation and uplink bursts. In the current 
implementation of WiMAX, the length of each frame is fixed at 5.0 ms [8]. The downlink 
and uplink sub-frames are each allocated a certain number of symbols for transmission 
according to the network configuration. The frame is often described by the ratio of the 
downlink to uplink symbols.  
The use of a single-carrier frequency for downlink and uplink transmission 
requires additional time padding as the electronics within the base station and mobile 
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station transition from transmit to receive mode, and vice versa. These two time 
allocations are named from the perspective of the base station. The first is the Transmit-
to-receive Transition Gap (TTG) which follows immediately after the end of the 
downlink sub-frame prior to the start of the uplink sub-frame. The second is the Receive-
to-transmit Transition Gap (RTG) which follows immediately after the end of the uplink 
sub-frame prior to the start of the next frame. The RTG and TTG are defined in terms of 
physical slots, which are directly related to the channel bandwidth via the sampling 
frequency. The RTG is typically 60 µs, and the TTG is calculated as the remainder of the 
frame time after subtracting the time for the downlink sub-frame, uplink sub-frame, and 
RTG [8]. A more detailed discussion of OFDMA frame structure can be found in Section 
8.4.4 of [10]. 
A graphical representation of an OFDMA TDD frame can be seen in Figure 1. 
The x-axis represents time and is marked in increments of the sequential OFDMA 
symbols. The y-axis represents frequency and is marked in increments of the sub-
channels used to divide the total frequency spectrum. Each frame begins with a preamble 
that signifies the start of a new frame followed by the frame control header and maps, 
which allocate bursts to different users. Downlink and uplink traffic is scheduled as 
bursts using time-frequency combinations best suited to the channel conditions of each 
user. Notice the organization of the frame into the downlink and uplink sub-frames in 
addition to the TTG and RTG that separate the sub-frames. 
 
Figure 1.  Illustration of OFDMA frame with TDD operation from [9]. 
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B. RANGING  
The high data rates available in 4G standards are contingent upon the efficient use 
of available transmission time and bandwidth; thus, precisely timed transmissions from 
all network users are required in order to maximize channel use while minimizing 
interference. The network base stations are responsible for coordinating time 
synchronization among all mobile stations in their respective cells and achieve this via 
the initial ranging process.  
1. Ranging Process 
During entry into the network, the mobile station transmission timing is not 
synchronized with the base station. Timing synchronization is achieved during the initial 
ranging process. First, the mobile station must listen for a ranging opportunity specified 
during each frame by the base station. Next, the mobile station transmits a code-division 
multiple access (CDMA) sequence during the time period in the uplink sub-frame 
allocated for initial ranging. The base station receives the CDMA sequence and sends 
time, power, and frequency adjustments back to the mobile station in a message called a 
Range Response (RNG-RSP). The mobile station proceeds to adjust all required 
parameters, and the exchange repeats in order to validate that the mobile station is 
transmitting within the base station specified constraints and may enter the network. A 
more detailed explanation of the initial ranging process can be found in Section 6.3.10.3 
of [10]. While the power and frequency adjustments are important, the timing adjustment 
is the only parameter pertinent to this discussion.  
2. Timing Adjust  
The timing adjust parameter is the mechanism used by the base station to 
synchronize mobile station transmission timing to the base station timing. The mobile 
station is considered synchronized when its transmissions reach the base station during 
the time allocated for mobile station transmission with respect to the base station clock. 
The timing adjust instructs the mobile station to advance or delay its transmissions in 
order to become synchronized. This assists the base station in correctly discerning the 
transmissions for all mobile stations within the cell. 
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The timing adjust is given in units of 1/ sF  where sF  is the sampling frequency. 
The sampling frequency is a function of the channel bandwidth B. The sampling 
frequency is defined in [10] as 
 8000
8000s
BF n =   
, (1) 
where n is a bandwidth dependent sampling factor defined in the standard. The specific 
values of n are included in Appendix A.  
The timing adjust transmitted by the base station is a signed integer value which 
represents the round trip time between the base station and mobile station. A positive 
timing adjust sign represents a timing delay, and a negative timing adjust sign represents 
a timing advance with respect to the previous transmission time of the mobile station. 




 =  
 
, (2) 
where d is the distance over which the timing adjust is calculated, c is the speed of light, 
and the factor of two accounts for the round trip time. Notice that the timing adjust 
resolution is bandwidth dependent due to the inclusion of sampling frequency in the 
computation; thus, as the bandwidth increases, the distance associated with one timing 
adjust decreases. The typical channel bandwidth employed in 802.16 networks is 10 MHz 
[8]. If we set TAN  equal to one and solve for d, we find that 13.39d = meters; therefore, 
the timing adjust resolution of a 10-MHz channel is 13.39 meters.  
C. PASSIVE GEOLOCATION VIA RANGE RESPONSE 
The distance information inherent in the timing adjust is also useful for 
geolocation. The method employed and the role of the timing adjust are briefly discussed 
in the following sections.   
1. Time-of-Arrival 
Time-of-arrival is a distance determination method that uses the propagation time 
between two points and the known propagation velocity. The propagation distance d is 
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the product of the velocity and time; thus, in the case of radio frequency signals, the 
relationship can be written as 
 propd ct= , (3) 
where propt is the propagation time, and c is the speed of light. This idea forms the basis 
for a TOA based geolocation method like the one discussed in [1–3]. The distance 
described in Equation 3 can be thought of as the radius of a circle centered at the base 
station location. The Euclidean distance between the base station and mobile station 
locations in a two-dimensional Cartesian plane is defined as  
 2 2( ) ( )BS MS BS MSd x x y y= − + − , (4) 
where x and y are the two-dimensional coordinates of the base station and mobile station. 
Given that the base station location is fixed, the mobile station must lie somewhere on a 
circle with a radius defined by the propagation time. 
 The timing adjust value given by Equation 2 provides the propagation time 
required for TOA based geolocation, but it must be reduced by a factor of two in order to 
reflect the one-way propagation time. Additionally, there is a network timing bias 
included in the timing adjust sent by the base station [2], [3]. This is the timing adjust 
value broadcast when the base station and mobile station are co-located. It must be 
subtracted from any timing adjust sent when the mobile station and base station are not 
co-located; therefore, the propagation time can be calculated as  
 _
1 ( )
2prop TA TA biass
t N N
F
= − , (5) 
where TAN  is the timing adjust in the RNG-RSP message, _TA biasN  is the network timing 
adjust bias, and sF  is the sampling frequency. Finally, substituting Equation 5 and 
Equation 4 into Equation 3, we get 
 2 2 _( ) ( ) ( )2BS MS BS MS TA TA biass
cx x y y N N
F
− + − = − , (6) 
where the only unknown values are the x and y coordinates of the mobile station. The 
circle given by Equation 6 is called a timing ring.  
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2. Three-tower Scenario 
A single timing ring described by Equation 6 provides a set of constraints 
regarding the position of a mobile station but still has an infinite set of x and y coordinate 
combinations; however, three timing rings derived from the timing adjusts of three 
independent base stations can lead to a single x-y position estimate for the mobile station. 
This scenario is a reasonable expectation in areas with constant wireless service from 
numerous base stations in close proximity. Prior research has demonstrated consistent 
position estimate accuracy using this approach [2], [3], and an example three-base station 
fix can be seen in Figure 2. The blue circles represent the base stations, the blue dashed 
lines represent the timing rings derived from the TAs, the green square represents the 
timing ring based mobile station position estimate, and the red x represents the true 
location of the mobile station. The position estimation error in this case is approximately 
20 meters.  
  
Figure 2.  Illustration of a three base station geolocation scenario. 
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A brief overview of OFDMA TDD frame structure and the initial ranging process 
were provided in this chapter. Additionally, the network timing adjust parameter and the 
bandwidth dependent timing adjust resolution were presented. Finally, geolocation 
through the use of the timing adjust parameter was discussed, and a three-base station 
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III. LIMITED BASE STATION GEOLOCATION SCHEME 
Geolocation of a mobile station via the time-of-arrival method using time adjusts 
from two or more base stations is a relatively accurate and straightforward process as 
shown in [2], [3]. However, each of these investigations assumed an environment in 
which wireless connectivity and base stations are ubiquitous, such as densely populated 
urban areas. Due to the nature of supply and demand in capitalist economies, sparsely 
populated areas, such as rural communities, may not enjoy the same level of base station 
availability as a consequence of lower demand. Additionally, developing nations may not 
have sufficient infrastructure and economic base required to support more than one base 
station in the same area. This poses a unique problem for geolocation in these 
environments. While some methods have been proposed to address this problem, none of 
them provide the capability to passively determine an independent mobile station position 
estimate in an outdoor deployed mobile broadband wireless network. In this chapter, we 
propose a method using TOA techniques that addresses these concerns.  
A. SPARSE ENVIRONMENT 
Recall from Chapter II that a timing adjust can be used to generate a ring of 
ambiguity, with respect to the mobile station position, called a timing ring. The 
intersections generated by multiple timing rings are used to disambiguate the mobile 
station location resulting in a position estimate or fix. However, users located in sparsely 
populated areas with intermittent wireless service may only be within range of a single 
base station at a time. Thus, the requisite number of two or more TAs generated by 
independent base stations cannot be met, rendering the methods described in [2] and [3] 
impracticable. The significant degree of ambiguity resulting from the limitations imposed 
by a sparse environment can be seen in Figure 3. The blue circle represents the location 
of the base station to which the mobile station is attached, the red X represents the actual 
mobile station location, and the blue dashed line is the timing ring depicting all possible 
locations of the mobile station. Clearly, this level of uncertainty is undesirable, and a 
more accurate geolocation method based on the information available from a single base 
station must be developed.  
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Figure 3.  Graphic of a timing ring from a single base station which has 360 degrees 
of ambiguity. 
B. PROPOSED SCHEME 
The basic problem is to determine a method for generating an additional timing 
ring centered at a location other than that of the base station in order to determine a fix. 
At first glance, there does not appear to be an easy answer to this problem. However, 
further examination leads to a straightforward solution. In order to passively generate a 
timing ring similar to the one depicted in Figure 3, some form of wireless capture 
equipment must be within range of the base station and mobile station to capture the 
ranging signals. This equipment provides a known location which can be used as the 
center of a timing ring. The only task is to determine the distance between the mobile 
station and the wireless capture equipment in order to determine the timing ring radius.  
The IEEE 802.16-OFDMA TDD frame structure and the initial ranging process 
discussed in Chapter II in conjunction with the location of the base station and capture 
equipment provides enough information to successfully estimate the distance between the 
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mobile station and wireless capture equipment. The wireless capture equipment need only 
record the initial CDMA sequence sent by the mobile station and the corresponding 
timing adjust within the RNG-RSP message issued by the base station. A graphical 








Figure 4.  General sparse environment geolocation scenario in WiMAX. 
The captured air interface messages provide the inputs to a post processing 
algorithm, which estimates the distance between the mobile station and capture 
equipment; this distance is used as the radius of a timing ring centered at the location of 
the capture equipment. The timing ring associated with the capture equipment location 
and the timing ring associated with the base station location meet the minimum 
requirements of the geometric position estimation methods discussed in [2]; thus, a 
significantly less ambiguous position estimate can be determined for the mobile station. 
A schematic diagram of the proposed method can be seen in Figure 5. The capture 
equipment extracts the necessary information from the base station and mobile station 
 16 
transmissions and provides them as inputs to the post processing algorithm. The 
algorithm generates a position estimate, and the resulting reduction in position ambiguity 
can be seen in Figure 6. The blue circle represents the location of the base station to 
which the mobile station is attached, the red X represents the mobile station location, and 
the blue dashed line is the timing ring centered at the base station. The black triangle 
represents the location of the wireless capture equipment, the black dashed line is the 
timing centered at the capture equipment, and the green squares are the two possible fix 
locations. Additional disambiguation down to a single fix is possible if knowledge of the 
mobile station’s previous location is available. 











Figure 5.  Flow chart of proposed single base station geolocation method. 
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Figure 6.  Graphic of a timing ring from a single base station in conjunction with a 
timing ring from a capture location to reduce ambiguity to two points. 
C. CAPTURE REQUIREMENTS 
Capturing the initial ranging message exchange between a mobile station and base 
station requires a certain amount of a priori information about the wireless network. The 
following list outlines the specific information requirements for successful capture: 
• Channel Bandwidth  
• Frame Duration  
• Cyclic Prefix  
• Fast Fourier Transform Size  
• Downlink to Uplink Symbol Ratio 
• Receive-to-Transmit Transition Gap 
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Generally, all of these values are specified in the System Profile, which is periodically 
updated and released by the WiMAX Forum [8]. However, there are many possibilities 
for the downlink to uplink symbol ratio, so additional system specification analysis may 
be required to determine the value for this parameter. Additionally, the distance between 
the base station and wireless capture equipment must be known. This can be 
accomplished by taking the norm of the difference between the two locations in any 
number of coordinate systems. 
Once successful air interface capture has been achieved, the inputs for the post 
processing algorithm must be collected. The start time of the first CDMA sequence, the 
start time of the frame in which the sequence occurred, and the corresponding RNG-RSP 
must be captured, similar to those shown in Figure 7. Notice that the first two messages 
share the same number listed in the “Frame” column. This indicates that the CDMA 
sequence occurred within that frame number (frame 1974578 in this case) and confirms 
that the times recorded are the correct inputs for post processing. The RNG-RSP message 
contains the timing adjust needed to determine the distance between the base station and 
mobile station ( 95−  in this case). Additionally, the RNG-RSP message contains a sub-
section called “Ranging code attributes” where the least significant eight bits of the frame 
in which the CDMA sequence was received are recorded. This can also be used to verify 
the frame number of the CDMA sequence. The frame number of the RNG-RSP message 
must be converted into binary and have the least significant eight bits replaced with the 
binary representation of the number listed in the ranging code attributes. The frame 
number resulting from this operation can be compared to the frame number listed for the 
CDMA sequence to ensure validity. The time symbol reference, which notes the symbol 
position within the allocating ranging time, is also recorded in this section and is an 




(a)                                                                                                                (b) 
Figure 7.  Example capture of (a) an initial CDMA sequence, CDMA frame start time, and RNG-RSP message 
 during the initial ranging process, and (b) the message contents of the RNG-RSP message. 
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D. POST PROCESSING 
The post processing algorithm accepts the captured inputs (CDMA frame start 
time, CDMA sequence start time, and timing adjust) and steps backwards through the 
ranging process to estimate the original time at which the CDMA sequence was sent by 
the mobile station. The difference between the estimated time the sequence was sent and 
the time it was received is then converted to a distance from which the timing ring can be 
formed. We begin by assigning the start time of the frame in which the CDMA sequence 
was sent and the start time of the CDMA sequence to arbitrary variables. We will use the 
variables 0Lt and 1Lt  to denote each of these times, respectively. Next, we must account 
for any inherent bias associated with the recorded times. 
1. Capture Equipment Timing Bias 
Much like the timing adjust bias associated with the network, the equipment used 
to capture the initial ranging messages may also have an associated timing bias [2], [3]. If 
that is found to be true, the equipment timing bias must be removed from the affected 
captured times in order to accurately estimate any timing throughout the process. The 
capture equipment used in this study did have an internal timing bias associated with the 
timestamp on CDMA sequences, and the internal bias was discovered while determining 
the network timing adjust bias. The equipment calculates a timing offset for each CDMA 
sequence received, measured in units of 1/ sF , where sF  is the sampling frequency 
measured in Hertz. The timing offset reference point is based on the frame structure the 
capture equipment receives on the downlink channel from the base station. For example, 
if the capture equipment expects to receive an uplink message at time t but receives the 
message one sample earlier than t, the timing offset would be 1− . Thus, when the mobile 
station, base station, and capture equipment are co-located, the timing offset of CDMA 
sequences captured after the initial RNG-RSP should be equal to the timing adjust value 
passed from the base station to the mobile station. However, this was not the case in 
practice. The timing offset value was consistently greater than the timing adjust value, 
which can be seen from a co-located capture in Figure 8. The base station instructed the 
mobile station to transmit 47 samples early (with reference to the frame structure 
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received from the base station) in the RNG-RSP message (Figure 8a), but the subsequent 
CDMA sequence sent by the mobile station was only 29 samples early (Figure 8b). After 
subtracting the timing adjust value from the timing offset value for 20 co-located trials, 
an average value of 17 samples was determined as the timing offset bias. Thus, the 
capture equipment consistently time-stamped the captured CDMA sequences 17 samples 
late. This timing bias must be removed in order to determine the correct time 1t  at which 









= − , (7) 
where _C biasN  is the timing offset bias of the capture equipment. It is important to note 
that this step in the process may take various forms or not be required at all depending on 









Figure 8.  Example of a RNG-RSP message (a) and the corresponding CDMA ranging 
code adjustment (b) in which the base station timing adjust and capture 
equipment timing offset do not match. 
2. Propagation Delay 
Next, we must determine all propagation delays associated with the initial ranging 
process. The one-way propagation delay between the capture equipment and base station 







= , (8) 
where _BS Cd  is the calculated distance between the base station and the collector in 
meters based on their known locations, and c is the speed of light in meters per second. 
The one-way propagation delay between the mobile station and base station _prop MST  can 









= , (9) 
where TAN is the timing adjust value and _TA biasN is the timing adjust bias. 
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3. CDMA Time Estimate 
Once equipped with accurate captured times and propagation delays, the time at 
which the CDMA sequence was sent by the mobile station can be estimated. We simply 
start from the vantage point of the capture equipment and work backward in time through 
the frame structure. In order to view the start time of the frame containing the CDMA 
sequence 0Lt  from the perspective of the base station, denoted 2t , the propagation delay 
between the capture location and base station must be removed using  
 2 0 _L prop Ct t T= − . (10) 
Now that we are viewing the process in terms of base station timing, we can advance to 
the time the CDMA sequence should begin 3t . The downlink sub-frame time, the 
transmit-to-receive transition gap, and ranging code time symbol reference must all be 
taken into account in the calculation of 3t ; thus, by adding them to Equation 10, we get 
 3 2 ( )DL SC S TTGt t N N T T= + + + , (11) 
where DLN  is the number of symbols allocated for downlink transmission (including the 
frame preamble), SCN  is the time symbol reference (from the RNG-RSP message), ST  is 
the symbol time in seconds, and TTGT  is the transmit/receive transition gap time in 
seconds. Finally, the estimated time the CDMA sequence was sent by the mobile station 
4t  can be found by adding the one-way propagation delay between the mobile station and 
base station calculated in Equation 9 to Equation 11, given by 
 4 3 _prop MSt t T= + . (12) 
The difference between the adjusted CDMA capture time 1t  and the estimated time 
the CDMA sequence was sent by the mobile station 4t  yields an estimate of the 
propagation time between the mobile station and the capture location. The distance 
associated between the mobile station and capture location _C MSd  can be calculated as 
 _ 1 4( )C MSd c t t= − , (13) 
where c is the speed of light in meters per second. The estimated distance is used as the 
radius of a timing ring which is centered about the capture location.  
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4. Position Estimate 
The position estimate is based on the geometry of the two timing rings and falls 
into one of three general categories that can be seen in Figure 9. First, the two timing 
rings may be completely separate from one another and have no point of intersection. In 
this case, the midpoint between the two radii on the line connecting the center point of 
each is designated as the fix. Second, one of the timing rings is entirely contained within 
the other. In this case, the midpoint between the two radii at their closest point is 
designated as the fix. Third, the two timing rings overlap. In this case, the two points of 
intersection are designated as fixes, and there is an ambiguity problem between the two.  
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Figure 9.  General position estimation method after [2] 
The inherent difficulties of geolocation in a sparse environment and a potential 
solution to the single base station problem were discussed in this chapter. The single 
timing adjust provided by one base station does not provide sufficient mobile station 
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localization, but the use of the wireless capture equipment as a focal point for a second 
timing ring can greatly decrease the position ambiguity. The requirement to determine the 
distance between the capture equipment and mobile station was discussed, and a distance 
estimation method based on the initial ranging process was developed. Simulation and 
field experimentation based on the proposed scheme are explored in the next chapter.  
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IV. SIMULATION AND EXPERIMENTATION 
Computer simulation is an effective method for reducing development time and 
cost. However, it can never fully replicate the implementation of a system in the physical 
world. Thus, this research proceeded using a three-phased approach consisting of 
simulation and experimentation. The first phase was initial feasibility simulation during 
which a basic simulation model was used to determine whether the method proposed in 
Chapter III would result in a reasonable error that warranted field testing. The second 
phase was field experimentation, which consisted of deploying wireless capture 
equipment in a WiMAX network to collect the initial ranging signals and applying the 
sparse environment scheme to determine the mobile station position. The results of the 
field experimentation supplied the input for the third phase, which was simulation model 
refinement. The model was updated based on the position estimation error and system 
performance observed during the field experimentation in order to provide more accurate 
parameter values in Monte Carlo simulation runs.  
A. INITIAL FEASIBILITY SIMULATION 
A schematic diagram of the initial simulation model can be seen in Figure 10. The 
process begins by defining the primitive parameters and calculating the derived 
parameters of the OFDMA symbol as well as selecting the TDD frame structure 
parameters. Next, random locations for the base station, mobile station and capture 
equipment are selected within established bounds in a two-dimensional Cartesian plane. 
Once positions are established, the true distances between the three locations are 
calculated and stored. Next, the initial ranging process is simulated based on the symbol 
parameters, frame parameters, and true distances. The outputs of the ranging process are 
a timing adjust between the base station and mobile station, a CDMA frame start time, 
and a CDMA sequence arrival time. The distance between the mobile station and base 
station is determined based on the timing adjust, and the algorithm introduced in Chapter 
III is executed to estimate the distance between the mobile station and capture location. 
Next, timing rings are generated and a position estimate for the mobile station is 
calculated. Finally, the distance between the true mobile station location and the position 
estimate is returned as the calculated error.  
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Figure 10.  Model for sparse environment WiMAX geolocation simulation. 
1. Primitive Parameters 
The selected symbol and frame structure parameters were based on a combination 
of the IEEE 802.16–2009 standard, the WiMAX Mobile System Profile Specifications, 
and previous research conducted on the deployed network planned for field testing. The 
locations of the base station, mobile station, and capture equipment were randomly 
selected from a uniform distribution across an established range of values. The selected 
primitive parameters and location ranges can be seen in Table 1. The corresponding 
derived parameters and their method of computation is included in Appendix A. Once the 
random location values have been assigned to the base station, mobile station, and 
capture equipment, the distances between them are calculated using Equation 4 from 
Chapter II. 
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Table 1.   Initial feasibility simulation parameters. 
 
Channel Bandwidth 10 MHz 
Cyclic Prefix 1/8 
FFT Size 1024 
Frame Duration 5 ms 
Downlink Symbols 29 
Uplink Symbols 18 
Receive-to-Transmit Gap 60 µs 
BS, MS and Capture Equipment  
            X-Coordinate Range  
(10,000 – 20,000) meters 
BS, MS and Capture Equipment 
            Y-Coordinate Range 
(10,000 – 20,000) meters 
Network Timing Adjust Bias 46 
2. Initial Ranging Simulation 
The initial ranging simulation is comprised of two parts. First, a simulated timing 
adjust representing the round trip time between the base station and mobile station must 
be generated. Second, the CDMA frame start time and CDMA arrival time must be 
simulated with respect to the capture equipment.  
The simulated timing adjust generation can be calculated in a similar manner to 
Equation 2 in Chapter II. The only significant difference is the addition of a user defined 
timing adjust bias and a zero mean Gaussian random variable with a standard deviation of 
0.67 to account for any error in the timing adjust calculated by the base station. The zero 
mean Gaussian random variable was selected to simulate a low level of white noise 
present in a sparse environment where fewer interfering radio frequency signals are 
present. The standard deviation was selected based on the low interference field 
experimentation results in [2]. Barber found that the timing adjust calculated by the base 
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station in a sparse environment was Gaussian in nature with a standard deviation of 0.67 
time adjusts from the median timing adjust for a trial group at a given range. Given these 
observations exceed the standard deviation of a uniformly distributed random variable for 
the timing adjust resolution of 13.39 meters, a Gaussian distribution was deemed 
appropriate; thus, we will use this same approach for the initial feasibility simulation and 
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ζ = + + 
 
, (14) 
where _BS MSd  is the distance between the base station and mobile station in meters,  
_TA biasN  is the network timing adjust bias, and ζ is the Gaussian random variable 
In order to simulate the initial ranging message exchange between the base station 
and mobile station, an arbitrary start time 0t  for the frame in which the CDMA sequence 
is sent must be selected. We chose to make the start time a constant and set it equal to one 
second for all iterations of the simulation. Next, the simulated start time of the frame 
from the collector’s perspective is determined by adding the propagation time between 
the base station and collector and a Gaussian random variable to 0t . The random variable 
accounts for timing error due to the sparse environment white noise previously 








η= + + , (15) 
where _BS Cd  is the distance between the base station and collector in meters, and η is a 
Gaussian random variable with zero mean and a standard deviation of 100 ns. We 
assumed the capture equipment would have less capacity than the base station to 
overcome channel noise and, therefore, chose to increase the standard deviation by just 
over threefold (as compared to the simulated timing adjust (0.67 samples corresponds to 
roughly 30 ns). Again, we proceeded with this value to determine initial feasibility with 
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the intent to refine if experimentation was deemed suitable. Next, the simulated time at 
which the CDMA code is sent from the mobile station CDMAt  is calculated as 
 _0 ( )
BS MS
CDMA DL S TTG
d
t t N T T
c
= + + + , (16) 
where DLN  is the number of symbols allocated for downlink transmission (including the 
frame preamble), ST  is the symbol time in seconds, TTGT  is the transmission/receive 
transition gap time in seconds, and _BS MSd  is the distance between the base station and 
mobile station in meters. Finally, the simulated time at which the CDMA sequence 
arrives at the collector can be found in a similar manner to Equation 15 by using Equation 







γ= + + , (17) 
where _C MSd  is the distance between the mobile station and collector in meters, and γ  is 
a Gaussian random variable with zero mean and a standard deviation of 100 ns.  
Once all of the primitive value selection and ranging process simulation is 
complete, the simulation process continues to execute the geolocation method presented 
in Chapter III using the variables ˆTAN , 0̂Lt  and 1̂Lt  as the inputs. The post processing 
algorithm returns two distance estimates to the mobile station from the base station and 
capture location which are then used to determine a position estimate and associated 
error. This entire process is run as a loop over 1500 trials, and the error from each 
iteration of the loop is stored for analysis. In the case of multiple fixes (when the two 
timing rings intersect), the simulation automatically selects the fix closest to the actual 
mobile station location for error calculation. This assumes some form of a priori 
information is available to make a reasonable selection between the two position 
estimates. 
3. Results 
The results of the initial feasibility simulation were promising. The two-
dimensional average error was approximately 111 m with a standard deviation of 185 m. 
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A 100 bin histogram of the 1500 trial simulation can be seen in Figure 11. Overall, the 
results are concentrated below 500 m of error. While this degree of error is certainly less 
than ideal, it is still a significant improvement over the infinite set of location possibilities 
which result from a single timing ring.  
 
Figure 11.  Histogram of position estimate error in initial feasibility simulation.  
Mean error: 111 m. Standard deviation: 185 m. 
Notice that there are a number of large errors, one of which is slightly less than 
3000 m. Further investigation of the iterations resulting in errors of this magnitude 
revealed an empirical correlation between the geometry of the timing rings and the error 
magnitude. Simulation iterations in which the two timing rings were nearly the same size 
but one was contained within the other resulted in a large section of near overlap. The 
position estimate algorithm selects the midpoint on the line between the two rings at the 
closest point of intersection as the fix. Unfortunately, the point at which the two non-
intersecting rings were closest was often far from the actual mobile station location. This 
specific type of geometric situation typically occurred when the base station and collector 
locations were relatively close together with respect to their distance from the mobile 
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station. The specific geolocation scenario associated with the largest error in Figure 11 
can be seen in Figure 12. The blue circle represents the location of the base station and 
the blue dashed line is the timing ring centered at the base station. The black triangle 
represents the location of the wireless capture equipment and the black dashed line is the 
timing centered at the capture equipment. The red X represents the mobile station 
location, and the green square designates the position estimate generated by the post 
processing algorithm.  
 
Figure 12.  Example of large position estimate error (2978 m) as a result poor geometry. 
B. FIELD EXPERIMENTATION 
The results of the initial feasibility simulation necessitated further exploration in a 
deployed network environment. We selected an Alcatel-Lucent system operating an 
OFDMA based IEEE 802.16e-2005 compliant network in Yuma, Arizona. The network 
consisted of three base stations deployed on an outdoor test range, one base station 
deployed in an indoor laboratory, and one mobile station comprised of a computer and 
PC card. The field testing was conducted in two distinct phases. First, the network timing 
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adjust bias was determined using the laboratory deployed base station. Second, multiple 
network entry exchanges between the mobile station and base stations were captured on 
the outdoor test range. The location of the capture equipment and base stations remained 
fixed, while the location of the mobile station was varied. The combination of network 
bias and initial ranging process captures provided the requisite inputs to test the accuracy 
of the geolocation scheme proposed in Chapter III. The capture equipment used was 
Sanjole’s WaveJudge 4900A. The coordinate system chosen for position reference was 
the Military Grid Reference System (MGRS).  
1. Timing Adjust Bias and Timing Offset Bias 
Recall from Chapter II that the network timing adjust bias is the timing adjust 
passed by the base station when the base station and mobile station are co-located. Thus, 
in order to determine the timing adjust bias for this network, we setup the base station, 
mobile station and WaveJudge within a few feet of one another in the laboratory and 
captured 20 trials of the initial network entry process. The system parameters used for the 
capture can be seen in Table 2. (The downlink-to-uplink symbol ratio and RTG are not 
listed because determining a timing adjust bias only requires capturing the timing adjust 
passed by the base station in the RNG-RSP message. The other system parameters are 
only necessary when executing the post processing algorithm from Chapter III to 
determine a position estimate.) Upon completion of the trials, the average timing adjust 
value was found to be 45.9− . The base station only transmits timing adjusts as integer 
values, so the calculated average was rounded to 46−  for use in the post processing 
algorithm during the second phase of field experimentation.  
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Table 2.   System parameters loaded into WaveJudge for timing adjust bias captures. 
Center Frequency 3.4825 GHz 
Channel Bandwidth 10 MHz 
Cyclic Prefix 1/8 
FFT Size 1024 
Frame Duration 5 ms 
During the timing adjust bias determination process, the capture equipment was 
configured to automatically begin a 40-ms capture upon detection of a CDMA sequence 
as specified in Section 8.4.7.3 in [10]. The uplink permutation base was then set to a 
value of two (per the uplink channel descriptor message regularly transmitted by the base 
station) in order for the WaveJudge to correctly capture the CDMA ranging codes [11], 
[12]. Note that many messages in the initial ranging exchange will decode correctly even 
if the uplink permutation base is not set correctly; however, the CDMA messages will not 
appear in the message list if this setting is not taken into account when using a 
WaveJudge 4900A. 
The WaveJudge is designed with the capability to calculate a timing offset 
between when a CDMA sequence is received and when it was expected to arrive, as 
discussed in Chapter III. The CDMA sequence sent by the mobile station after receiving 
a timing adjust from the base station should have a timing offset equal to the timing 
adjust when the mobile station, base station, and WaveJudge are co-located (negligible 
propagation time); however, this was not the case. The average difference between the 
timing offset calculated by the WaveJudge and base station timing adjust was 17 samples. 
A discrepancy of 17 samples has the potential to cause an error of approximately 228 m if 
not taken into consideration; thus, the value was recorded as the WaveJudge timing offset 
bias for use in the post processing algorithm. The captured timing adjust bias, CDMA 
offset, and timing offset bias for each capture can be seen in Table 3. All units are in 
samples, or the inverse of the sampling frequency, and the sign indicates an advance 
(negative) or delay (positive) in time. 
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Table 3.   Timing adjust captures with the base station, mobile station, and capture 
equipment co-located. 
Capture TA Bias CDMA Offset TO Bias
1 -47 -29 18
2 -47 -29 18
3 -45 -29 16
4 -46 -29 17
5 -46 -29 17
6 -46 -29 17
7 -46 -29 17
8 -47 -29 18
9 -46 -29 17
10 -45 -28 17
11 -46 -29 17
12 -45 -29 16
13 -47 -29 18
14 -45 -28 17
15 -45 -29 16
16 -46 -29 17
17 -45 -29 16
18 -46 -29 17
19 -46 -29 17
20 -46 -29 17  
 
2. Single Base Station Capture 
After successfully determining the timing adjust and timing offset biases, we 
shifted focus to the outdoor deployed network in order to begin remote capture. The base 
stations were powered up individually, and the network entry process was captured by the 
WaveJudge. The WaveJudge position remained constant throughout the process, while 
the mobile station was moved to different locations in order to vary the geometry of the 
timing rings. Unfortunately, only two of the three base stations were functioning properly 
on the day scheduled for outdoor network testing, so we were unable to take captures 
using all available base stations. Nonetheless, the primary limitation throughout the 
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outdoor collection process was the inability to capture the mobile station signal from 
more than 125 m away (even that range was tenuous) due to the lower power output of 
the mobile station. This significantly limited our ability to test the process with a range of 
possible position values similar to that of initial simulation.  
The capture setup included the WaveJudge 4900A, controller laptop, one omni-
directional antenna made by Digital Antenna, one directional antenna made by Sunol 
Sciences, and a 2.0 kW Honda generator. The WaveJudge was configured to capture the 
downlink and uplink on separate physical ports with the omni-directional antenna 
connected to the downlink and the directional antenna connected to the uplink. This 
configuration allowed us to increase the distance between the mobile station and 
WaveJudge more than if an omni-directional antenna had been used for both the 
downlink and uplink. A picture of the capture setup can be seen in Figure 13. The 
WaveJudge 4900A is not visible because it is inside the gray transit case, and the 
additional omni-directional antenna behind the WaveJudge control laptop is a spare. The 
laptop in the lower right of the picture served as the mobile station when combined with a 
WiMAX dongle. Additional pictures from the field experimentation can be seen in 
Appendix C.  
The wireless capture parameters for each base station used during field 
experimentation were identical to one another except for the carrier frequency. The 
capture parameters, frequencies, base station locations, and WaveJudge location are listed 




Figure 13.  Picture of the field experimentation setup at the wireless test facility in Yuma. 
Table 4.   Single base station capture parameters and locations. 
Channel Bandwidth 10 MHz 
Cyclic Prefix 1/8 
FFT Size 1024 
Frame Duration 5 ms 
Downlink:Uplink Symbol Ratio 29:18 
Receive-to-Transmit Gap 60 µs 
Base Station 1 Carrier Frequency 3.5125 GHz 
Base Station 1 Location (MGRS) 51146 03430 
Base Station 2 Carrier Frequency 3.5025 GHz 
Base Station 2 Location (MGRS) 51051 04378 
WaveJudge Location (MGRS) 50769 03873 
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All field experimentation captures proceeded in the following manner. First, the 
WaveJudge was configured to begin a variable length capture (typically 150 ms) upon 
detection of a CDMA sequence on the uplink port. The mobile station was then moved to 
a random location, and the mobile station position was recorded using a Garmin 
GPSMAP 60C. Next, the WiMAX dongle was inserted into the mobile station laptop to 
initiate the network entry process. Once sufficient time had passed for network entry to 
complete, the capture data was verified on the WaveJudge and saved for post processing. 
This process was repeated numerous times at various locations; however, not all 
attempted captures were successful due to the aforementioned distance limitation. After 
approximately eight hours spent on the test range, a total of 15 successful captures were 
recorded with a distribution of seven using Base Station 1 and eight using Base Station 2; 
however, only 12 of the captures were usable for the post processing algorithm discussed 
in Chapter III. The retention of the other three captures is discussed later in this chapter.  
a. Generic Scheme Results 
The results for all 15 captures can be seen in Table 5. The experimental 
error results for the field testing were better than those predicted by the initial feasibility 
model. The mean error was 85.06 and the standard deviation was 78.11 meters.  
The first seven captures were collected while the mobile station was 
entering the network through Base Station 1, and the second eight captures were collected 
while the mobile station was entering the network through Base Station 2. The timing 
adjust bias and timing offset bias used during post processing were 46 and 17, 
respectively, based on experimental determination. The average error was an 
improvement of approximately 25 m with respect to the initial simulation, and the 
standard deviation of the error was approximately 107 m better than that of initial 
simulation. The drastic decrease in the standard deviation may be attributed to the limited 
number of experimental trials due to time constraints on the test range. 
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Table 5.   Generic scheme single base station capture results. 
Capture TA Error (m)
1 50769 03873 -90 7.5824
2 50732 03842 -92 55.0237
3 50748 03898 -93 39.2847
4 50762 03809 -88 53.0674
5 50711 03896 -96 138.3016
6 50699 03908 -96 39.0706
7 50685 03930 -99 N/A
Capture TA Error (m)
1 50769 03873 -93 N/A
2 50747 03815 -95 23.0458
3 50742 03801 -97 N/A
4 50725 03782 -98 34.458
5 50781 03811 -94 276.8671
6 50794 03794 -96 68.9655
7 50808 03778 -96 174.7212
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b. Platform Specific Scheme Results 
During the course of experimentation using the WaveJudge, we realized 
the timing offset calculated by the WaveJudge could also be used as means to determine 
the distance between the WaveJudge and mobile station. Recall from Chapter III that the 
timing offset is the number of samples, delayed or advanced, that the WaveJudge 
received the CDMA sequence with respect to the point in time at which it expected to 
receive the sequence. After a number of experimental captures, we noticed that the 
absolute value of the difference between the first and second timing offset was equal to 
the absolute value of the timing adjust; thus, the timing offset values represented a round 
trip time between the WaveJudge and mobile station. We already determined the timing 
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offset when the WaveJudge and mobile station were co-located; thus, the estimated 









′ = , (18) 
where TON  is the initial CDMA timing offset, and _C biasN  is the WaveJudge timing 
offset bias. The observant reader might wonder why Equation 18 divides the timing offset 
by twice the sampling frequency, whereas a similar operation in Equation 7 (in Chapter 
III) only divides by the sampling frequency. The operation in Equation 18 is calculating 
the one-way delay between the WaveJudge and mobile station, whereas the computation 
in Equation 7 is only removing a time offset that happens to be measured in samples. 
Consequently, a factor of two must be included in the denominator of Equation 18 to 
reduce the result to a one-way delay. Bear in mind that Equation 18 does not represent 
the claims of Sanjole regarding the WaveJudge (or any of its products) in any way. It is 
solely the result of empirical observation from field testing.  
The CDMA timing offset geolocation method is not restricted to the use of 
the initial CDMA sequence in the network entry exchange. Subsequent CDMA sequences 
after the mobile station has already advanced the timing of its transmissions can also be 
used in conjunction with the most recent timing adjust provided by the base station. We 
only need to subtract the timing adjust from the timing offset in order to estimate the 
distance _C MSd ′′ between the mobile station and WaveJudge. Substituting ( )TO TAN N′ − for 




TO TA C bias
C MS
s




′′ = , (19) 
where TON ′  is a time adjusted CDMA timing offset, TAN  is the most recent timing adjust 
sent to the mobile station from the base station, and _C biasN  is the WaveJudge timing 
offset bias.  
The results for the WaveJudge specific methods are displayed in Table 6. 
The mobile station locations for all captures are the same as those presented in Table 5. 
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The timing adjust and timing offset biases used during post processing were 46 and 17, 
respectively (the same as those used for the platform independent scheme). The mean 
error when using the first CDMA timing offset during the initial ranging message 
exchange was 51.7 m, and the standard deviation was 37.7 m. The mean error when using 
the second CDMA timing offset was 39.2 m, and the standard deviation was 26.8 m.  
Table 6.   WaveJudge specific single base station results. 
Capture TA 1st CDMA Error 2d CDMA Error
1 -90 3.7915 N/A
2 -92 56.9408 56.9408
3 -93 29.1577 29.1577
4 -88 58.2097 37.675
5 -96 82.3534 41.2298
6 -96 31.6437 37.1993
7 -99 N/A 33.1125
Capture TA 1st CDMA Error 2d CDMA Error
1 -93 N/A 25.5311
2 -95 12.8118 9.3699
3 -97 N/A 11.9333
4 -98 10.3012 10.3012
5 -94 128.4608 40.9048
6 -96 60.5091 61.0001
7 -96 78.4887 81.7877
8 -98 109.8793 107.715
First CDMA Mean Error: 51.7 m
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The method using the second CDMA sequence was possibly more 
accurate due to better time synchronization based on the increased power with which the 
second CDMA sequence was typically transmitted. The resulting increased signal to 
noise ratio enabled the WaveJudge to decode the CDMA sequence with a greater amount 
of precision with regard to the time at which the sequence began. Clearly, these results 
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 show promise for future development of hardware designed to estimate the timing offset 
of a mobile station transmission in order to determine the distance between the collector 
and the mobile station. 
C. SIMULATION REFINEMENT 
Upon conclusion of the field experimentation, the simulation model presented in 
Section A of this chapter was refined. We expanded the model to three simulations in 
order to demonstrate the change in geolocation accuracy when transitioning from three 
base stations down to one base station.  
The only refinement which affected all three post experimentation simulation 
models was the modification of the simulated timing adjust calculation. The simulated 
timing adjust is still generated according to Equation 14; however, the Gaussian random 
variable ζ within the simulated timing adjust function was updated to reflect the 
variations observed during experimentation. We determined the correct timing adjust for 
each experimental capture based on the known locations of the base station and mobile 
station and examined the absolute difference between the calculated timing adjust and 
experimental timing adjust. The mean absolute difference was 0.7568 with a standard 
deviation of 1.2112; thus, the parameters of the Gaussian random variable ζ  in Equation 
14 were updated accordingly. Additional updates were made to each simulation 
individually and are discussed in the following sections.  
1. Three Base Stations 
The design for the three-base station simulation is similar to the schematic 
presented in Figure 10. The primary difference is that the number of base station 
locations have increased, and we are no longer concerned with the capture equipment 
location. We simulate a timing adjust between each base station and the mobile station, 
which results in three timing rings. The geometry of the timing rings can result in up to 
six fixes. The distance is calculated between all combinations of the fix fixes, and the 
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three fixes with the smallest sum of the norms (i.e., the tightest group of fixes) between 
them are designated as the selected fixes.  
Next, we apply a fix membership factor. The membership factor is a percentage 
used to determine if one of the three selected fixes should also be discarded. The 
simulation logic compares the three remaining distances to determine if one of them is a 
certain percentage (determined by the value selected as the membership factor) greater 
than both of the others. Should one of the fixes meet this criterion, it is discarded and 
only two fixes remain. The membership factor empirically selected for this simulation 
was 40%. (This value was observed to produce the smallest average error and standard 
deviation. Any increase beyond 40% showed no appreciable change while decreasing 
below 40% caused a noticeable increase in mean and standard deviation.)  
Finally, the x and y values of the selected fixes are averaged to arrive at the final 
position estimate. Additionally, constraints were placed on the random locations of the 
base stations in order to reflect the dispersion which is likely in a deployed network. The 
simulation area was a 100 km2 block. The range of possible position values for each base 
station can be seen in Table 7. The mobile station position was randomly placed in the 
100 km2 space. A histogram of the error resulting from a 1500-trial simulation can be 
seen in Figure 14. The mean error was 24.81 m with a standard deviation of 15.24 m. 
Table 7.   Random base station and mobile station location constraints for the three-




 X-Coordinate Range Y-Coordinate Range 
Base Station 1 [0–4500] meters [0–4500] meters 
Base Station 2 [5500–10000] meters [0–4500] meters 
Base Station 3 [2500–7500] meters [5500–10000] meters 
Mobile Station [0–10000] meters [0–10000] meters 
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Figure 14.  Histogram of position estimate error in the three-base station simulation. 
Mean error: 24.81 m. Standard deviation: 15.24 m. Grouping factor: 0.4.  
2. Two Base Stations 
The two-base station simulation design is similar to the three-base station 
scenario. The initial ranging section of the simulation only generates two timing adjusts 
and their corresponding timing rings. A maximum of two fixes may be generated based 
on the geometry of the timing rings, so no form of fix selection and averaging to 
determine a final fix is required; however, we are left with an ambiguity problem in the 
case of two fixes. This simulation handles this problem in the same manner as the initial 
feasibility simulation by automatically selecting the fix closest to the mobile station 
position for the error calculation; thus, the error results of the simulation represent the 
best case scenario. The random positioning of the base stations is also constrained as in 
the three-base station simulation, and the mobile station position is still entirely random. 
The ranges from  which the random locations were selected can be seen in Table 8. A 
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histogram of the error resulting from a 1500-trial simulation can be seen in Figure 15. 
The mean error was 43.31 m with a standard deviation of 52.45 m. 
Table 8.   Random base station and mobile station location constraints for the two-
base station simulation. 
 
 X-Coordinate Range Y-Coordinate Range 
Base Station 1 [0–4500] m [0–10000] m 
Base Station 2 [5500–10000] m [0–10000] m 
Mobile Station [0–10000] m [0–10000] m 
 
Figure 15.  Histogram of position estimate error in the two-base station simulation. Mean 
error: 43.31 m. Standard deviation: 52.45 m.  
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3. One Base Station 
The majority of the model updates that resulted from field experimentation were 
applied to the one-base station model. The variation in the TAs from the base station was 
extrapolated to the amount of time variation the capture equipment could expect from the 
base station on the downlink channel. The mean and standard deviation of the TAs were 
divided by twice the sampling frequency to determine a mean of 33.784 ns and a standard 
deviation of 54.071 ns for Gaussian random variable η  in Equation 15. Similarly, the 
variations in the timing offsets from the mobile station were extrapolated to reflect the 
anticipated time variation the capture equipment could expect on the uplink channel from 
the mobile station. We determined the correct initial CDMA timing offset for each 
experimental capture based on the known distance between the WaveJudge and mobile 
station. We then found the absolute difference between the correct CDMA timing offset 
and the one derived using the second CDMA timing offset. We chose to use the second 
CDMA timing offset values rather than the recorded initial CDMA timing offset in order 
to simulate a higher gain directional antenna on the uplink channel since the second 
CMDA sequence was always transmitted with roughly 10 dB more power than the first. 
The resulting values were divided by twice the sampling frequency to convert them into 
time values. The resulting time variations had a mean of 191.334 ns and a standard 
deviation of 77.182 ns; thus, the Gaussian random variable γ  in Equation 17 was 
updated with these values. Finally, spatial constraints similar to those in the three-base 
station and two-base station models were also applied to the one-base station simulation 
scenario. The ranges from which the random locations were selected can be seen in Table 
9. A histogram of the error resulting from a 1500-trial simulation can be seen in Figure 






Table 9.   Random base station, capture equipment, and mobile station location 
constraints for the one-base station simulation. 
 X-Coordinate Range Y-Coordinate Range 
Base Station [0–4500] m [0–10000] m 
Capture Equipment [5500–10000] m [0–10000] m 
Mobile Station [0–10000] m [0–10000] m 
 
 
Figure 16.  Histogram of position estimate error in the one-base station simulation. Mean 
error: 82.44 m. Standard deviation: 76.67 m. 
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4. Comparison 
The three simulation scenarios presented lend themselves to comparison in terms 
of their probability density functions (PDF). The PDF selection was accomplished 
empirically through the use of MATLAB’s dfittool. The tool allows the rapid comparison 
of various distributions by using the maximum likelihood estimation method. 
The aim of maximum-likelihood estimation is to determine the probability 
distribution that makes a set of observed data most likely. While a PDF is the conditional 
probability of data given a probability distribution parameter, the maximum-likelihood 
estimate is characterized in the opposite manner as the conditional probability of a 
distribution parameter given a data set. This relationship is given by 
 ( ) ( )| |L w y f y w=  (20) 
where ( )|f y w  is the PDF of the data set y, ( )|L w y  represents the likelihood of the 
parameter w given the data set y; thus, ( )|L w y   and is a function of w [13].  
We compared a number of different distributions and selected the Inverse 
Gaussian distribution based on the high maximum likelihood value (relative to the other 
distributions considered) and visual observation of the curve fit. The Inverse Gaussian 
distribution consists of two parameters. The first is the mean represented by µ, and the 
second is the shape parameter represented by λ. Given that the mean for each set of error 
data could be directly calculated, the only parameter which required maximum likelihood 
estimation was the shape parameter.  
A comparison of the PDFs generated for each simulation scenario can be seen in 
Figure 17. The peak height and the two-dimensional error value at which the peak occurs 
correlates directly to the number of base stations involved in the position estimate. The 
three-base station scenario has a consistent low error, while the one-base station scenario 
is characterized by greater error with more variation. The mean for each distribution is 
the same as the mean in the corresponding histograms. The λ values are 90.1128, 
34.6751, and 39.8266 for the one-base station, two-base station, and three-base station 
simulations, respectively.  
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Figure 17.  Inverse Gaussian PDF comparison for the simulation error. 
In this chapter, we discussed the exploration of the sparse environment 
geolocation scheme via simulation and experimentation. The combined results indicate 
the potential for geolocating a mobile station in a sparse environment with less than 82 m 
of error on average. Additionally, the increase in average error when transitioning from a 
multi base station environment to a single base station environment was approximately 
58 m. The experimentation serves as an initial proof of concept for close range 
geolocation while the final simulation supports consistent performance in a 100 km2 cell.  
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V. CONCLUSION 
The sparse environment deployment of mobile wireless networks presents a 
unique challenge for passive geolocation. The methods of geolocation via time of arrival 
calculations and time difference-of-arrival in [1−3] require two or more base stations 
which are not available in the sparse environment. Previous single base station methods 
are designed for indoor use, are limited by the beam width of the base station sector 
antenna, or only provide the mobile station position estimate with respect to the position 
of a sensor [4−7]. A method of passive geolocation based on an IEEE 802.16 OFDMA 
TDD network deployment capable of providing an independent position estimate from a 
single base station was proposed, simulated, and experimentally validated.  
A. SIGNIFICANT CONTRIBUTIONS 
Three significant contributions were made in this thesis. First, we developed a 
method for passive geolocation of a mobile station using only one base station. Second, 
we provided a proof-of-concept for the geolocation method in a close range scenario via 
field experimentation in an IEEE 802.16 deployed network. Third, we refined the 
simulation model based on the experimental data in order to provide justification for a 
mean error that is consistent with close range experimental results when the method is 
employed across a realistically sized wireless network cell. 
The single base station geolocation method developed extends the idea presented 
in [7] by generating a position estimate for the mobile station that is independent of the 
base station or capture equipment location. Once all inputs have been received and post 
processing has been completed, a MGRS position estimate is produced that does not 
depend on the capture equipment location. Additionally, the method capitalizes on the 
unencrypted initial ranging exchange between the base station and mobile station, thereby 
ensuring that the position estimate can be accomplished without any form of a priori 
encryption knowledge. 
The application of the geolocation method in a real IEEE 802.15e-2005 network 
validated the potential for further algorithmic development. Additionally, CMDA timing 
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offset calculation that is part of the WaveJudge 4900A capability suite was adapted to for 
use in the position estimation algorithm and yielded a mean error as low as 40 m.  
The refined simulation provides a more realistic model for evaluating the sparse 
environment geolocation scheme’s performance over much larger distances. The results 
of the simulation indicate potential for successful employment within a large cell and 
provide the impetus for further investigation and enhancement of the proposed 
geolocation scheme.   
B. FUTURE WORK 
Although this work did take an initial step toward proving the feasibility of the 
proposed method, additional effort is required to demonstrate a fully validated proof of 
concept.  
The primary limitation of this research was the limited distance by which the 
mobile station and capture equipment could be separated during field experimentation. 
Future work using the capture equipment capable of receiving the mobile station 
transmissions from up to 10 km away would strengthen the proof of concept. Two areas 
that could provide this capability are specialized antennas and radio frequency amplifiers. 
Additional work into the reception and processing methods employed by the base station 
would also likely prove to be fruitful.  
This research was conducted in an arid and flat terrain environment with minimal 
opportunities for multipath fading to affect the timing. Additional experimentation in an 
area with structures characteristic of a sparse environment would serve to further refine 
the computer simulation model developed in this thesis.  
The scope of this thesis focused on the TDD aspect of the IEEE 802.16 standard; 
however, the standard also allows for an FDD deployment. Further work should be 
conducted to adapt the geolocation methodology to this duplexing scheme. Additionally, 
the Long Term Evolution technology is quite similar to IEEE 802.16 regarding the 
underlying physical layer principles. Additional analysis could be conducted to adapt this 
scheme for use in deployed LTE networks. 
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APPENDIX A. PARAMETERS 
This appendix includes the sections of the IEEE 802.16–2009 standard pertinent 
to calculations performed as part of the single base station geolocation method.   
A. PRIMITIVE PARAMETERS 
1. IEEE 802.16–2009 Section 8.4.2.3 [10] 
The following four primitive parameters characterize the OFDMA symbol: 
—BW: The nominal channel bandwidth. 
—N: Number of use subcarriers (which includes the DC subcarrier). 
—n: Sampling factor. This parameter, in conjunction with BW and N determines 
the subcarrier spacing and the useful symbol time. This value is set as follows: for 
channel bandwidths that are a multiple of 1.75 MHz, then n = 8/7; else, for 
channel bandwidths that are a multiple of any of 1.25, 1.5, 2, or 2.75 MHz, then   
n = 28/25; else, for channel bandwidths not otherwise specified, then n = 8/7. 
—G: This is the ratio of CP time to “useful” time. The following values shall be 
supported: 1/32, 1/16, 1/8, and 1/4.  
B. DERIVED PARAMETERS 
1. IEEE 802.16–2009 Section 8.4.2.4 [10] 
The following parameters are defined in terms of the primitive parameters of 
8.4.2.3: 
— FFTN : Smallest power of two greater than usedN  
—Sampling frequency: floor( / 8000) 8000sF n BW= ⋅ ×  
—Subcarrier spacing: /s FFTf F N∆ =  
—Useful symbol time: 1/bT f= ∆  
—CP time: g bT G T= ⋅  
—OFDMA symbol time: s b gT T T= +  
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APPENDIX B. MATLAB CODE 
This appendix contains the code for the initial feasibility simulation, final Monte 
Carlo simulations (3 BS, 2 BS, and 1 BS), Yuma test range, and all functions called 
within the scripts that are not part of MATLAB.  
The Yuma test range code is somewhat different because it was written to accept 
recorded input (such as locations and times) rather than generate them as in the 
simulations. The code provided is an example for one of the capture on the Yuma test 
range. The code was updated with the input from each trial conducted on the test range to 
produce the results discussed in Chapter IV.  
A. INITIAL FEASIBILITY SIMULATION CODE 





%% Primitive Parameters 
c=3e8;                               %Speed of Light (m/s) 
bandwidth=10;                        %WiMAX System Bandwidth (MHz) 
bias=48;                             %BS TA bias 
sigma=1e-7;                          %100ns of variation  
Frame = 5e-3;                        %Frame Duration (seconds) 
DL = 29;                             %Number of DL Symbols/subframe 
UL = 18;                             %Number of UL Symbols/subframe 
OFDM_S=DL+UL;                        %Number of OFDM Symbols/frame 
CP = 1/8;                            %Cyclic Prefix Value 
fftsize = 1024;                      %FFT Size 
rtg = 168;                           %RTG values from DCD (PS’s) 
  
%% Derived Parameters 
[width,Fs]=timingwidth(bandwidth);   %Sampling Frequency 
delta_f = Fs/fftsize;                %Subcarrier Spacing 
Tb = 1/delta_f;                      %Useful Symbol Time 
Tg = CP*Tb;                          %Cyclix Prefix Time 
Ts = Tb + Tg;                        %OFDMA Symbol Time 
PS = 4/Fs;                           %OFDMA Physical Slots 
RTG = rtg*PS;                        %Rx/Tx Transition Gap 
TTG = Frame-(RTG+OFDM_S*Ts);         %Tx/Rx Transition Gap 
%% Begin Loop 
N=1; 
Error=zeros(1,N); 
for count = 1:1500 
    %% Positions 
    BS=[randi([1e4,2e4]);randi([1e4,2e4])];  %Base Station Location (m) 
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    Listener=[randi([1e4,2e4]);randi([1e4,2e4])];%Listener location (m) 
    MS=[randi([1e4,2e4]);randi([1e4,2e4])];%Mobile Station Location (m) 
    MS_prev=randompos(100,MS);                %Previous MS location (m) 
     
    %% Calculate True Distances  
    d1 = norm(MS-Listener); %distance from MS to Passive Listener 
    d2 = norm(BS-Listener); %distance from BS to Passive Listener 
    d3 = norm(MS-BS);       %distance from MS to BS 
  
    %% Actual Time Calculations 
    %Let first frame start time be at an arbitraty time, t0. 
    %All time is referenced from the beginning of the OFDMA symbol     
    %block in which it was sent. 
  
    TA = simTA(MS,BS,bandwidth,bias);        %Time Adjust from BS to MS 
  
    t0 = 1;               %Time frame begins in which CDMA code is sent 
    tc = t0+(DL*Ts)+TTG+d3/c;              %Time CDMA code sent from MS 
    t1L = t0+d2/c+(sigma*randn);  %Time frame start arrives at listener 
    t2L = tc+d1/c+(sigma*randn);    %Time CDMA code arrives at listener  
  
    %% Estimate Time CDMA Code Sent from MS 
    MS_FD = (floor(TA-bias)/2)*(1/Fs); %One way delay between MS and BS 
    t1 = t1L-(d2/c);                  %Frame time from BS point of view 
    t2 = t1+(MS_FD+(DL*Ts)+TTG);      %CDMA start from MS point of view 
    dist_est = (t2-t2L)*c;     %Dist estimate from CDMA time difference 
  
    %% Estimated Distance Calculations 
  
    %Est distance between passive listener and MS (based on time est) 
    dist_PL_MS =abs(dist_est); 
  
    %Est distance between the BS and MS (based on TA in RNG-RSP) 
    dist_BS_MS = range(TA,bandwidth,bias); 
     
    %% Fix Calculations: This algorithm adapted from LT Don Barber 2009 
  
    %Separated Radii 
    if (dist_PL_MS + dist_BS_MS)<d2               
        fix=center(dist_PL_MS,dist_BS_MS,Listener,BS); 
        SelFix=fix; 
     
    %Contained Radii     
    elseif abs(dist_PL_MS - dist_BS_MS)>d2 
        fix=contained(dist_PL_MS,dist_BS_MS,Listener,BS); 
        SelFix=fix; 
     
    %Intersecting Radii     
    else 
        fix=intersects(dist_PL_MS,dist_BS_MS,Listener,BS); 
        if norm(fix(:,1)-MS_prev)<norm(fix(:,2)-MS_prev) 
            SelFix=fix(:,1); 
        else 
 57 
            SelFix=fix(:,2); 
        end 
    end 
  
    %% Error Calculations 
  




% Error Outputs and Plot 
Mean_Error = mean(Error) 
Std_Error=std(Error) 
hist(Error,100); 
xlabel(‘2D Error (m)’); 
ylabel(‘Number of Occurences’); 
grid on; 
 
B. THREE BASE STATION FINAL MONTE CARLO CODE 





%% Constants and Random Variables 
c=3e8;                            %Speed of Light (m/s) 
bandwidth=10;                     %WiMAX System Bandwidth (MHz) 
bias=46;                          %BS TA bias 
N=1500;                           %Number of trials 
Error=zeros(1,N);                 %Error Vector 
x=0; 
  
for idx = 1:N 
    %% Random BS and MS Locations 
  
    BS = [randi(4.5e3) randi([5.5e3 1e4]) randi([2.5e3 7.5e3]);... 
        randi(4.5e3) randi(4.5e3) randi([5.5e3 1e4])]; 
  
    MS = [randi(1e4);randi(1e4)]; 
  
    %% BS Timing Advances and Ranges 
  
    TA = zeros(1,length(BS)); 
    dist = zeros(1,length(BS)); 
    for i=1:length(BS) 
        TA(i)=simTA(MS,BS(:,i),bandwidth,bias); 
        dist(i)=range(TA(i),bandwidth,bias); 
    end 
    clear i  
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    %% BS TA Fix Calculations (from D.E. Barber 2009) 
    Fix = []; 
    for i=1:length(BS)-1 
        for j=i+1:length(BS) 
         
            %Separated Radii 
            if (dist(i)+dist(j))<(norm(BS(:,i)-BS(:,j))) 
                fix=center(dist(i),dist(j),BS(:,i),BS(:,j)); 
                Fix(:,size(Fix,2)+1)=cat(1,fix(:,1),[i;j]); 
             
            %Contained Radii      
            elseif abs((dist(i)-dist(j)))>(norm(BS(:,i)-BS(:,j))) 
                fix=contained(dist(i),dist(j),BS(:,i),BS(:,j)); 
                Fix(:,size(Fix,2)+1)=cat(1,fix(:,1),[i;j]); 
             
            %Intersecting Radii      
            else 
                fix=intersects(dist(i),dist(j),BS(:,i),BS(:,j)); 
                Fix(:,size(Fix,2)+1)=cat(1,fix(:,1),[i;j]); 
                Fix(:,size(Fix,2)+1)=cat(1,fix(:,2),[i;j]); 
            end             
        end 
    end 
  
    clear i j  
  
    %% Norm Distance Between Fix Points 
    %Create a matrix of the norm distance between each pair of fix  
    %points 
    sum1 = zeros(2,length(Fix)); 
    for i = 1:length(Fix) 
        total=0; 
        for j=1:length(Fix) 
            temp=norm(Fix(1:2,i)-Fix(1:2,j)); 
            sum1(i,j)=temp; 
        end 
    end 
    clear i j temp 
  
  
    %% Select the Tightest Group of Three Fixes 
    %Sum all of the norm distances and select the three with the   
    %smallest value 
  
    SelectedFix=zeros(length(sum1),4); 
    for i=1:length(sum1) 
        temp=sum1(i,:); 
        [temp2 IDX]=sort(temp); 
        SelectedFix(i,1:3)=IDX(1:3); 
    end 
    clear i temp temp2 IDX 
     
    for i=1:length(SelectedFix) 
        temp=SelectedFix(i,:); 
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        temp1=sum1(temp(1),temp(2)); 
        temp2=sum1(temp(1),temp(3)); 
        temp3=sum1(temp(2),temp(3)); 
        temp4=temp1+temp2+temp3; 
        temp(4)=temp4; 
        SelectedFix(i,:)=temp; 
    end 
    clear i temp temp1 temp2 temp3 temp4 
     
    SelF=zeros(2,3); 
    [temp IDX]=sort(SelectedFix(:,4)); 
    temp1=SelectedFix(IDX(1),1:3); 
    for i=1:length(temp1) 
        SelF(:,i)=Fix(1:2,temp1(i)); 
    end 
    clear temp temp1 IDX 
     
    SelFix=[]; 
    M=0.4; 
     
    temp1=norm(SelF(:,1)-SelF(:,2)); 
    temp2=norm(SelF(:,1)-SelF(:,3)); 
    temp3=norm(SelF(:,2)-SelF(:,3)); 
    if (temp1<M*temp2) & (temp1<M*temp3) 
        SelFix(1:2,1) = SelF(1:2,1); 
        SelFix(1:2,2) = SelF(1:2,2); 
        x=x+1; 
    elseif (temp2<M*temp1 & temp2<M*temp3) 
        SelFix(1:2,1) = SelF(1:2,1); 
        SelFix(1:2,2) = SelF(1:2,3); 
        x=x+1; 
    elseif (temp3<M*temp1 & temp3<M*temp2) 
        SelFix(1:2,1) = SelF(1:2,2); 
        SelFix(1:2,2) = SelF(1:2,3); 
        x=x+1; 
    else 
        SelFix=SelF; 
    end 
         
    
    %% Determine Final Fix Point Based on Selected Fixes 
    %Calculate final fix as the average of the selected fix values 
    Xint = sum(SelFix(1,:))/length(SelFix); 
    Yint = sum(SelFix(2,:))/length(SelFix); 
  
    FinalFIX = [Xint;Yint];    
  
    %% Error Calculation 
  





%Error Outputs and Plot 
MeanError = mean(Error) 
StdError = std(Error) 
hist(Error,100); 
xlabel(‘2D Error (m)’); 
ylabel(‘Number of Occurences’); 
C. TWO BASE STATION FINAL MONTE CARLO CODE 





%% Constants and Random Variables 
c=3e8;                            %Speed of Light (m/s) 
bandwidth=10;                     %WiMAX System Bandwidth (MHz) 
bias=46;                          %BS TA bias 
N=1500;                           %Number of trials 
Error=zeros(1,N);                 %Error Vector 
  
for idx = 1:N 
    %% Random BS and MS Locations 
  
    BS = [randi(4.5e3) randi([5.5e3 1e4]);randi(1e4) randi(1e4)]; 
  
    MS = [randi(1e4);randi(1e4)]; 
    MS_prev=randompos(100,MS);                
  
    %% BS Timing Advances and Ranges 
  
    TA = zeros(1,length(BS)); 
    dist = zeros(1,length(BS)); 
    for i=1:length(BS) 
        TA(i)=simTA(MS,BS(:,i),bandwidth,bias); 
        dist(i)=range(TA(i),bandwidth,bias); 
    end 
    clear i  
     
    %% BS TA Fix Calculations (from D.E. Barber 2009) 
    Fix = []; 
    for i=1:length(BS)-1 
        for j=i+1:length(BS) 
         
            %Separated Radii 
            if (dist(i)+dist(j))<(norm(BS(:,i)-BS(:,j))) 
                fix=center(dist(i),dist(j),BS(:,i),BS(:,j)); 
                SelFix=fix; 
             
            %Contained Radii      
            elseif abs((dist(i)-dist(j)))>(norm(BS(:,i)-BS(:,j))) 
                fix=contained(dist(i),dist(j),BS(:,i),BS(:,j)); 
                SelFix=fix; 
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            %Intersecting Radii      
            else 
                fix=intersects(dist(i),dist(j),BS(:,i),BS(:,j)); 
                if norm(fix(:,1)-MS_prev)<norm(fix(:,2)-MS_prev) 
                    SelFix=fix(:,1); 
                else 
                    SelFix=fix(:,2); 
                end 
            end             
        end 
    end 
  
    clear i j  
  
     
    %% Error Calculation 
  




%Error Outputs and Plot 
MeanError = mean(Error) 
StdError = std(Error) 
hist(Error,100); 
xlabel(‘2D Error (m)’); 
ylabel(‘Number of Occurences’); 
grid on; 
D. ONE BASE STATION FINAL MONTE CARLO CODE 





%% Primitive Parameters 
c=3e8;                               %Speed of Light (m/s) 
bandwidth=10;                        %WiMAX System Bandwidth (MHz) 
bias=46;                             %BS TA bias 
Frame = 5e-3;                        %Frame Duration (seconds) 
DL = 29;                             %Number of DL Symbols/subframe 
UL = 18;                             %Number of UL Symbols/subframe 
OFDM_S=DL+UL;                        %Number of OFDM Symbols/frame 
CP = 1/8;                            %Cyclic Prefix Value 
fftsize = 1024;                      %FFT Size 
rtg = 168;                           %RTG values from DCD (PS’s) 
  
%% Derived Parameters 
[width,Fs]=timingwidth(bandwidth);   %Sampling Frequency 
delta_f = Fs/fftsize;                %Subcarrier Spacing 
Tb = 1/delta_f;                      %Useful Symbol Time 
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Tg = CP*Tb;                          %Cyclix Prefix Time 
Ts = Tb + Tg;                        %OFDMA Symbol Time 
PS = 4/Fs;                           %OFDMA Physical Slots 
RTG = rtg*PS;                        %Rx/Tx Transition Gap 
TTG = Frame-(RTG+OFDM_S*Ts);         %Tx/Rx Transition Gap 
%% Begin Loop 
N=1500; 
Error=zeros(1,N); 
for count = 1:N 
    %% Random BS, MS, and Listener Locations 
    BS=[randi([0,4.5e3]);randi([0,1e4])]; 
    Listener=[randi([5.5e3,1e4]);randi([0,1e4])]; 
    MS=[randi(1e4);randi(1e4)]; 
    MS_prev=randompos(100,MS);                
     
    %% Calculate True Distances  
    d1 = norm(MS-Listener); %distance from MS to Passive Listener 
    d2 = norm(BS-Listener); %distance from BS to Passive Listener 
    d3 = norm(MS-BS);       %distance from MS to BS 
  
    %% Actual Time Calculations 
    %Let first frame start time be at an arbitraty time, t0. 
    %All time is referenced from the beginning of the OFDMA  
    %symbol block in which it was sent. 
     
    %Time Adjust from BS to MS 
    TA = simTA(MS,BS,bandwidth,bias); 
    %Time frame begins in which CDMA code is sent 
    t0 = 1; 
    %Time CDMA code sent from MS 
    tc = t0+(DL*Ts)+TTG+d3/c;         
    %Time frame start arrives at listener 
    t1L = t0+d2/c+(3.3784e-8+5.4071e-8*randn); 
    %Time CDMA code arrives at listener from MS 
    t2L = tc+d1/c+(1.91334e-7+7.7182e-8*randn); 
  
    %% Estimate Time CDMA Code Sent from MS 
    MS_FD = (floor(TA-bias)/2)*(1/Fs); %One way delay between MS and BS 
    t1 = t1L-(d2/c);                  %Frame time from BS point of view 
    t2 = t1+(MS_FD+(DL*Ts)+TTG);      %CDMA start from MS point of view 
    dist_est = (t2-t2L)*c;      Dist estimate from CDMA time difference 
  
    %% Estimated Distance Calculations 
  
    %Est distance between passive listener and MS (based on time est) 
    dist_PL_MS =abs(dist_est); 
  
    %Est distance between the BS and MS (based on TA in RNG-RSP) 
    dist_BS_MS = range(TA,bandwidth,bias); 
     
    %% Fix Calculations: This algorithm adapted from LT Don Barber 2009 
  
    %Separated Radii 
    if (dist_PL_MS + dist_BS_MS)<d2               
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        fix=center(dist_PL_MS,dist_BS_MS,Listener,BS); 
        SelFix=fix; 
     
    %Contained Radii     
    elseif abs(dist_PL_MS - dist_BS_MS)>d2 
        fix=contained(dist_PL_MS,dist_BS_MS,Listener,BS); 
        SelFix=fix; 
     
    %Intersecting Radii     
    else 
        fix=intersects(dist_PL_MS,dist_BS_MS,Listener,BS); 
        if norm(fix(:,1)-MS_prev)<norm(fix(:,2)-MS_prev) 
            SelFix=fix(:,1); 
        else 
            SelFix=fix(:,2); 
        end 
    end 
  
    %% Error Calculations 
  




%Error Outputs and Plot 
Mean_Error = mean(Error) 
Std_Error=std(Error) 
hist(Error,100); 
xlabel(‘2D Error (m)’); 
ylabel(‘Number of Occurences’); 
grid on; 
E. CODE FOR YUMA TEST RANGE  





%% Primitive Parameters 
c=3e8;                               %Speed of Light (m/s) 
bandwidth=10;                        %WiMAX System Bandwidth (MHz) 
bias=46;                             %BS TA bias 
TO_bias=17;                          %Timing OFfset Bias of WaveJudge 
radius=1e4;                          %Radius of BS Cell (m) 
BS=[51051;04378];                    %Base Station Location (m) 
MS=[50826;03764];                    %Mobile Station Location (m) 
MS_prev=randompos(10,MS);            %Previous MS location (m) 
Listener=[50769;03873];              %Passive Listener location (m) 
Frame = 5e-3;                        %Frame Duration (seconds) 
DL = 29;                             %Number of DL Symbols/subframe 
UL = 18;                             %Number of UL Symbols/subframe 
OFDM_S=DL+UL;                        %Number of OFDM Symbols/frame 
CP = 1/8;                            %Cyclic Prefix Value 
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fftsize = 1024;                      %FFT Size 
rtg = 168;                           %RTG values from DCD (PS’s) 
  
%% Derived Parameters 
[width,Fs]=timingwidth(bandwidth);   %Sampling Frequency 
delta_f = Fs/fftsize;                %Subcarrier Spacing 
Tb = 1/delta_f;                      %Useful Symbol Time 
Tg = CP*Tb;                          %Cyclix Prefix Time 
Ts = Tb + Tg;                        %OFDMA Symbol Time 
PS = 4/Fs;                           %OFDMA Physical Slots 
RTG = rtg*PS;                        %Rx/Tx Transition Gap 
TTG = Frame-(RTG+OFDM_S*Ts);         %Tx/Rx Transition Gap 
  
%% Calculate True Distances  
d1 = norm(MS-Listener); %distance from MS to Passive Listener 
d2 = norm(BS-Listener); %distance from BS to Passive Listener 
d3 = norm(MS-BS);       %distance from MS to BS 
  
%% Time Values and Offset Recorded by WaveJudge 
  
%CDMA seq offset (z) in number of symbols from the start of the initial  
%ranging period. Found in RNG-RSP message 
z = 0;           
TA = 98;                        %Time Adjust from BS to MS 
TOFF = 23;                      %Timing offset of first CDMA to 
Listener 
tf = 46516517.86e-9;            %Time frame containing CDMA code begins 
t1L = 49607321.43e-9;           %Time CDMA code arrives at listener 
from MS 
t2L = 66825089.29e-9;           %Time RNG-RSP arrives at listener from 
BS 
%% New Method 
MS_FD = (floor(TA-bias)/2)*(1/Fs);%One way delay between MS and BS 
t1 = t1L-(TO_bias/Fs);            %Removal of WJ UL timing bias 
t2 = tf-(d2/c);                   %Frame time from BS point of view 
t3 = t2+(MS_FD+((DL+z)*Ts)+TTG);  %CDMA start from MS point of view 
dist_est = (t1-t3)*c;             %Dist estimate from CDMA time 
difference 
  
%% Estimated Distance Calculations 
  
%Est distance between passive listener and MS (based on time est) 
%Multiple methods available. User must uncomment the desired form 
%of distance estimation (generic or WaveJudge specific). 
  
%dist_PL_MS = c*abs(t_sent_est-t1L); 
dist_PL_MS = abs(dist_est); 
  
%Est distance between the BS and MS (based on TA in RNG-RSP message) 
dist_BS_MS = range(TA,bandwidth,bias); 
  





        ‘LineWidth’,2) 
plot(MS_prev(1),MS_prev(2),’x’,’MarkerEdgeColor’,’c’,’MarkerSize’,12,..
. 
        ‘LineWidth’,2) 
title(‘One Base Station (triangle) and One Passive Listener (cirlce)’) 
  
  
%% Fix Calculations: This algorithm adapted from LT D.E. Barber 2009 
  
%Separated Radii 
if (dist_PL_MS + dist_BS_MS)<d2               
    fix=center(dist_PL_MS,dist_BS_MS,Listener,BS); 
    SelFix=fix; 
    plot(fix(1),fix(2),’s’,’MarkerEdgeColor’,’g’,’MarkerSize’,12) 
    disp(‘Separated Radii’) 
     
%Contained Radii     
elseif abs(dist_PL_MS - dist_BS_MS)>d2 
    fix=contained(dist_PL_MS,dist_BS_MS,Listener,BS); 
    SelFix=fix; 
    plot(fix(1),fix(2),’s’,’MarkerEdgeColor’,’g’,’MarkerSize’,12) 
    disp(‘Contained Radii’) 
     
%Intersecting Radii     
else 
    fix=intersects(dist_PL_MS,dist_BS_MS,Listener,BS); 
    if norm(fix(:,1)-MS_prev)<norm(fix(:,2)-MS_prev) 
        SelFix=fix(:,1); 
        
plot(fix(1,1),fix(2,1),’s’,’MarkerEdgeColor’,’g’,’MarkerSize’,... 
            12,’LineWidth’,2) 
    else 
        SelFix=fix(:,2); 
        
plot(fix(1,2),fix(2,2),’s’,’MarkerEdgeColor’,’g’,’MarkerSize’,... 
            12,’LineWidth’,2) 
    end 
    disp(‘Intersecing Radii’) 
end 
  
%% Error Calculations 
Error = norm(SelFix-MS) 
 
F. FUNCTIONS 
1. Timing Width 
%% Calculates OFDMA TA width in meters and Sampling Frequency 
function [Width,Fs] = timingwidth(bandwidth) 
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BW = [7 8.75];   
for i = 1:2 
    if bandwidth == BW(i) 
        n = 8/7; 









Width = 3e8/(2*Fs); 
end 
2. Range 
%% This function returns the range from the BS to the MS 
% TA = timing adjust value from the RNG-RSP 
% bandwidth = WiMAX system bandwidth 
% bias = TA bias of the network 
  




radius = (TA-bias)*TA_Width; 
  
end 
3. Simulated Timing Adjust 
%% Function Calculates Simulated TA 
% Function based on previous work by R D Whitty, 2010 
  
function time = simTA(MS,BS,bandwidth,bias) 
  
% MS = 2D position of the Advanced Mobile Station, [x;y] 
% BS = 2D position of the Advanced Base Station, [x;y] 
  


















%Timing Adjust with bias and noise 
time=round(distance/width+bias+noise); 
4. Timing Ring 
%% Function Plots a Timing Ring 
  




th = 0:.01:2*pi; 
x = radius*cos(th)+tower(1,1); 
y = radius*sin(th)+tower(2,1); 
  
if style==1 
    plot(x,y,’--’,’LineWidth’,2); 
    hold on 
    plot(tower(1,1),tower(2,1),’o’,’MarkerSize’,12) 
    axis equal;grid on;xlabel(‘X 
meters’,’fontsize’,12,’fontweight’,’b’); 
    ylabel(‘Y meters’,’fontsize’,12,’fontweight’,’b’); 
elseif style==2 
    plot(x,y,’--k’,’LineWidth’,2); 
    hold on 
    
plot(tower(1,1),tower(2,1),’^’,’MarkerEdgeColor’,’k’,’MarkerSize’,12) 
    axis equal;grid on;xlabel(‘X 
meters’,’fontsize’,12,’fontweight’,’b’); 
    ylabel(‘Y meters’,’fontsize’,12,’fontweight’,’b’); 
elseif style==3 
    plot(x,y,’--g’,’LineWidth’,2); 
    hold on 
    
plot(tower(1,1),tower(2,1),’o’,’MarkerEdgeColor’,’b’,’MarkerSize’,12) 
    axis equal;grid on;xlabel(‘X 
meters’,’fontsize’,12,’fontweight’,’b’); 
    ylabel(‘Y meters’,’fontsize’,12,’fontweight’,’b’); 
end 
end 
5. Random Position 






    q=rand; 
end 
r = ceil(q*radius); 
phi = 2*pi*rand; 
x = r*cos(phi)+pos(1); 




%% Function Determines Center Between Two Non-intersecting Timing Rings 
  
function xy = center(range1,range2,pos1,pos2) 
  
%Ensure base station closest to the origin in used as the reference 
if norm(pos1)>norm(pos2) 
    temp = pos1; temp2 = range1; 
    pos1 = pos2; range1 = range2; 
    pos2 = temp; range2 = temp2; 
end 
  
%Find all sides of the trianlge formed by the two positions 
delta_x = pos2(1)-pos1(1); 
delta_y = pos2(2)-pos1(2); 
euclid = sqrt(delta_x^2+delta_y^2); 
  
%Determine value of midpoint on the line between timing rings 
middle = (euclid-(range1+range2))/2; 
  
%Reference midpoint to first base station location 
hyp = range1+middle; 
  
%Determine x-y coordinates of the calculated midpoint 
x = delta_x*(hyp/euclid)+pos1(1); 
y = delta_y*(hyp/euclid)+pos1(2); 
  
xy = [x;y]; 
end 
7. Contained 
%% Function Determines Center Between One Timing Ring Contained in 
Another 
  
function xy = contained(range1,range2,pos1,pos2) 
  
%Ensure base station closest to the origin in used as the reference 
if norm(pos1)>norm(pos2) 
    temp = pos1; temp2 = range1; 
    pos1 = pos2; range1 = range2; 




%Find all sides of the trianlge formed by the two positions 
delta_x = pos2(1)-pos1(1); 
delta_y = pos2(2)-pos1(2); 
euclid = sqrt(delta_x^2+delta_y^2); 
  
if range1>range2 
    %Find mid point between outer and inner radii 
    mid = ((range1-range2)-norm(pos1-pos2))/2; 
     
    %Find x and y coordinates with appropriate scaling 
    x = pos1(1) + delta_x*(1+(range2+mid)/euclid); 
    y = pos1(2) + delta_y*(1+(range2+mid)/euclid); 
    xy = [x;y]; 
     
else 
    %Find mid point between outer and inner radii 
    mid = ((range2-range1)-norm(pos1-pos2))/2; 
     
    %Find x and y coordinates with appropriate scaling 
    x = pos1(1) - delta_x*((range1+mid)/euclid); 
    y = pos1(2) - delta_y*((range1+mid)/euclid); 








%Ensure base station closest to the origin in used as the reference 
if norm(pos1)>norm(pos2) 
    temp = pos1; temp2 = range1; 
    pos1 = pos2; range1 = range2; 
    pos2 = temp; range2 = temp2; 
end 
  
%Find all sides of the trianlge formed by the two positions 
delta_x = pos2(1)-pos1(1); 
delta_y = pos2(2)-pos1(2); 
euclid = sqrt(delta_x^2+delta_y^2); 
  
%Determine midpoint between overlapping timing rings using Law of 
Cosines 
mid = (range1^2-range2^2+euclid^2)/(2*euclid); 
  
%Determine x-y coordinates of the calculated midpoint 
midx = delta_x*(mid/euclid)+pos1(1); 
midy = delta_y*(mid/euclid)+pos1(2); 
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%Determine magnitude between timing ring intersection points and 
midpoint 
int = sqrt(range1^2-mid^2); 
  
%Determine x-y coordinates for both points of intersection 
int1x = midx-delta_y*(int/euclid); 
int1y = midy+delta_x*(int/euclid); 
int2x = midx+delta_y*(int/euclid); 
int2y = midy-delta_x*(int/euclid); 
  
xy = [int1x int2x;int1y int2y]; 
 71 
APPENDIX C. FIELD EXPERIMENTATION PICTURES 
This appendix contains pictures of the experimental setup at the IEEE 
802.16e-2005 test facility in Yuma, AZ. Photographs of the base stations used during 
experimentation can be seen in Figure 18 and Figure 19, respectively. The tallest tower in 
each picture it the WiMAX base station. The smaller towers were part of a separate 
network that was not required for testing. The WiMAX dongle and laptop which 
comprised the mobile station can be seen in Figure 20, and the overall passive collection 
site can be seen in Figure 21.  
 
Figure 18.  Base station one on the test range. 
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Figure 19.  Base station two on the test range. 
 
Figure 20.  Mobile station laptop with the PC card. 
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Figure 21.  Collection site.  
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